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Abstract: The present manuscript introduces a novel methodology which can be applied to
any Horizontal Axis Wind Turbine (HAWT) in order to improve the power generated under any
operating condition. The method consists of analyzing via 2D-URANS a considerable number
of sections cut along the wind turbine blade in order to obtain the location where the boundary
layer separates, its associated vortex shedding frequency and the peak to peak amplitude of
the dynamics forces. The second step consists of implementing optimized active Flow Control
(AFC) parameters to each section where the boundary layer is separated, in order to reattach
it for the considered wind turbine operating conditions. The energy assessment proves that
a considerable increase of net energy is obtained in each section where the boundary layer
reattachment is achieved.

1 Introduction

Flow control techniques can generally be categorized as passive and active. The performance
of passive flow control techniques is optimal only at design conditions. On the other hand, Active
Flow Control (AFC) implementation is capable of delaying the boundary layer separation for a
wide range of operating conditions. Wind turbine blades must face a variety of flow conditions
during operation, thus it is doubtful whether passive control strategies can have a positive effect
under all operating conditions. Active Flow Control techniques (requiring power input) remove
the drawback associated with passive control at off-design conditions [1, 2, 3]. This sort of control
is associated with adding/subtracting momentum to/from particular locations. Synthetic Jet
Actuators (SJA) [3, 4, 5, 6, 7] or direct-barrier-discharge plasma actuators (DBD-PA)[8, 9, 10],
are two of the main devices used in AFC implementations.

Among the different AFC techniques, synthetic jet actuators have the advantage of generating
pulsating flow which combines suction and blowing phases, and they are capable of generating
large momentum coefficients. Due to the fact that SJA’s have achieved good results in the
field of aeronautics, it is logical to think that their application can be expanded to control flow
separation on HAWT blades. The application of SJA on rotating blades of wind turbines is not
observed until the last decade. The first researchers to illustrate experimentally the influence of
SJA on the aerodynamic performance of HAWTs were Stalnov et al. [11] and Maldonado et al.
[12, 13].
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Stalnov et al. [11] investigated experimentally and using hot wire sensors, the effectiveness of
SJA on a modified IAI pr8-SE profile at Reynolds numbers between 2×105 ≤ Re ≤ 8×105. An
overall efficiency increase of about 5−15% was observed. Maldonado et al. [12, 13], applied SJA
to an S809 airfoil in order to control the unsteady loading for a non-rotating and fixed-pitch wind
turbine blade. Reynolds numbers ranging between 7.1×104, and 2.38×105 were considered, the
momentum coefficients employed were between Cµ = 1.34×10−3 and Cµ = 5.97×10−3. 14 SJA,
distributed in three locations, near the root, around the middle, and at the blade tip were used.
The highest influence on flow reattachment and vibration reduction was obtained when placing
the SJA near the blade tip. In their second research, the airfoil considered was the NACA
4415, the number of SJA as well as their location was the same as in their previous research.
The Reynolds number range was also the same but the momentum coefficients employed ranged
between 9.72× 10−4 and 1.05× 10−2. They noticed the structural vibrations were considerably
reduced thanks to the use of SJA.

To investigate the effect of the SJA on the boundary layer separation delay and its associated
downstream structures, WT studies using stereo Particle Image Velocimetry (PIV) and employ-
ing the S817 airfoil were done at Re = 3.75 × 105 by Rice et al. [14]. The SJA were placed
at x/C = 0.35, being the momentum coefficient Cµ = 0.012. A significant reduction in the
hysteresis of the lift and pitching moment coefficient of 41% and 85% was respectively observed.
Maldonado and Gupta [15], experimentally evaluated at Re = 1× 106 the performance of a real
3-rotor blade using the S809 airfoil. They placed 20 SJA actuators along the blade radius and
employed laser Doppler Anomemtry (LDA) to analyze the flow performance at the SJA’s exit.
For an angular velocity of 500rpm and a pitch angle of 3◦, the actuation of 20 SJA per blade
decreased the power input to drive the rotor by 10.6%, the rotor efficiency increased by 28%.

The S809 profile employed in a small HAWT and considering suction was studied by [16, 17].
In both studies, simulations were performed using the k − ω SST turbulence model. In the
former research a suction groove was located at 0.15C versus the leading edge. Thanks to
the AFC implementation, the pressure difference between the suction and the pressure surfaces
was increased, increasing as well the stability of the flow field. Improvements were particularly
relevant at low radius sections, where large boundary layer separation exists. The power of the
HAWT increased with the wind speed, obtaining an increase versus the base case of 225.56%
for a wind speed of 20m/s. The effectiveness of using a single suction slot or two suction slots
combined with a blowing one was analyzed in [17]. Slots were located at 0.1C and 0.5C for
the dual case, just the former one was used for the single case. Two momentum coefficients
were considered and they observed that when using the larger momentum coefficient and the
dual suction configuration, the net power output had a maximum increase. One of the most
comprehensive numerical studies to investigate the performance of SJA on the SD7003 airfoil at
Reynolds number Re ≈ 6 × 104 was done by Tousi et al. [3, 4]. They optimized at four angles
of attack (AoA) 4◦, 6◦, 8◦, and 14◦ and using an in-house Genetic Algorithms optimizer, the
five AFC parameters, jet position, jet with, momentum coefficient, frequency, and jet injection
angle. They observed that aerodynamic efficiency could be increased by 251% at AoA = 14◦

while a 39% increase was obtained at AoA = 8◦. The same optimizer and optimization process
is employed here to obtain the optimum AFC parameters for a given DTU-10MW-RWT airfoil.
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2 Numerical method

In this research, we used the Unsteady Reynolds-Averaged Navier-Stokes (URANS) approach
to properly detect the boundary layer dynamics. The finite volume CFD open-source package
OpenFOAM was chosen to run all the simulations. A second order discretization method was
used for all parameters. To connect pressure and velocity equations, the Pressure-Implicit with
Splitting of Operators (PISO) scheme [18, 19] was employed.

In the context of incompressible flow, the only variables associated with the NS equations
are the pressure and the three velocity components. Once each variable is substituted by its
ensemble-averaged and its fluctuation terms, and after using the Boussinesq approximation, the
Navier-Stokes equations can be expressed as:

∇ · u = 0 (1)

ρ
∂u

∂t
+ ρu · ∇u = −∇p+ (µ+ µt)∇2u (2)

u and p respectively represent the ensemble-averaged velocity vector and pressure, µ char-
acterizes the kinematic viscosity and µt defines the turbulence viscosity. We decided to employ
the k − ω SST turbulence model [20, 21]. This model incorporates the k − ω formulation in
proximity to the wall, the k − ϵ model in regions far from the object, and a blending function
bridging these two approaches. The turbulence viscosity µt can be defined as:

µt =
ρk

ω
−→


ρ : density

k : turbulent kinetic energy

ω : turbulent kinetic energy specific dissipation rate

The model employs two transport equations to solve the k and ω variables. The governing
equations for each parameter takes the form:
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(4)

Two blending functions F1 and F2, are considered as a function of the distance from the cell
to the wall. F1 = 0 far from the wall, and F1 = 1 near the wall, F1 varies between 0 and 1 in
the transition region. F2 is a function of the perpendicular distance from the wall (d), and takes
the form:

F2 = tanh
(
arg22

)
(5)

arg22 = max

(
2k

β∗ωd
;
500ν

ωd2

)
(6)

In the present case, the following values were used: α1 = 0.556, α2 = 0.44, β∗ = 0.09,
β1 = 0.075, β2 = 0.0828, σk1 = 0.85, σk2 = 1, σω1 = 0.5, σω2 = 0.856. Further information of
the k − ω SST turbulence model is to be found in [20].
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(a)

Figure 1: 2D Computational domain employed in the present study.

The computational domain used for all CFD simulations is the same as in [3] (see Figure 1).
The origin of the coordinate system was placed at the corresponding airfoil leading edge. The
computational domain upstream and downstream boundaries were set to 15 and 19 times the
chord length (C), respectively. Each airfoil section was placed horizontally in the computational
domain, the Angle of Attack (AoA) was set to zero degrees. To be able to consider the required
AoA for each airfoil, the components of the relative velocity (u, v) = (Urel cosα,Urel sinα) were
set at the domain inlet. Urel being the relative speed, calculated using the blade element mo-
mentum theory [22, 23, 24, 25, 26]. The boundary conditions for the velocity were Dirichlet at
the computational domain inlet and at the synthetic jet groove, for the cases where AFC was
considered. Velocity was set as null at the airfoil surface and Newmann boundary conditions
were set at the computational domain outlet.

The time-dependent, top hat, velocity profile employed at the synthetic jet actuator was
defined as: uj = Uj sin(2πFt), Uj being the maximum jet velocity, F characterizes the jet
frequency, and t is the dimensional time. Neumann boundary conditions for pressure were
used at the computational domain inlet, synthetic jet, and airfoil walls, and Dirichlet boundary
conditions for pressure were used at the computational domain outlet. After performing the
mesh independence study we end up with a mesh of about 300K cells and a maximum Y+ of
about 0.7.

3 Baseline results

Figure 2 represents the five airfoils evaluated in the present study and for a wind speed of
10m/s, which covers from a very small z/R = 0.1 to a very large z/R = 0.9 non-dimensional
blade radius. After performing the corresponding simulations, the resulting time-averaged pres-
sure and friction coefficients are introduced in Figure 3. It can be observed that, for small blade
radius the boundary layer is separated and the separation points move towards the trailing edge
as the non dimensional radius z/R increases. Note that at z/R = 0.5 there is a minor separation
of the flow at the airfoil trailing edge. It is also interesting to observe that when the bound-
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ary layer is separated the pressure on the upper airfoil surface is particularly high, therefore
drastically reducing the lift generated by the airfoil.

Figure 2: Airfoil sections distributed along the balde.

(a) Cp (b) Cf

Figure 3: Pressure and skin friction coefficients for the baseline cases studied.

A perhaps more intuitive way to visualize the flow performance on the top of each airfoil,
consists of visualizing the time-averaged streamlines, and for the five airfoils considered this
is presented in Figure 4. Now, the boundary layer separation and the time-averaged vortical
structures forming onto the airfoil upper surface are clearly observed at z/R = 0.1 and z/R = 0.3.
It is also seen a secondary vortical structure forming at these two airfoils trailing edge, this
secondary vortical structure, which turns anticlockwise, forms from the interaction of the flow
below the airfoil and the corresponding one above it. In fact, this secondary vortical structure
can already be estimated from the friction coefficient plot in Figure 3, then the Cf becomes
positive at the airfoil trailing edge. The slight flow separation at z/R = 0.5 is now more clearly
seen and clearly at higher radius, the boundary layer is fully attached.
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(a) z/R = 0.10 (b) z/R = 0.30 (c) z/R = 0.50

(d) z/R = 0.70 (e) z/R = 0.90

Figure 4: Averaged velocity streamlines.

4 AFC implementation results

Once the Baseline cases are studied and the boundary layer separation point as well as the
associated vortex shedding frequency are obtained for each airfoil, the AFC implementation
based on SJA’s can be studied. At this point we focused on optimizing the five associated AFC
parameters for the z/R = 0.3 case. The in-house Genetic Algorithm’s (GA) optimizer used and
the process followed to optimize the five AFC parameters is described in [3, 4]. In here, just the
outcome of the optimization for the maximum lift and maximum efficiency cases is presented
in Table 1. From where it is seen that injection angles of 5◦, non-dimensional groove widths
and frequencies of h/C = 0.005 and F+ ≈ 5.5, appear to be optimal to maximize the lift as
well as the efficiency of the airfoil. In fact, small variations of the jet position xj/C and the
momentum coefficient Cµ are sufficient to maximize whether the lift or the efficiency. Is is as
well relevant to see that lift coefficients and efficiencies increase, versus the baseline case, of over
80% and 428% can be obtained when reattaching the boundary layer in this particular section.
In fact, the boundary layer reattachment for both optimized cases and when compared with the
baseline one is presented in Figure 5. For both optimum cases the boundary layer is almost
fully reattached along the entire airfoil upper surface, in fact a slightly better reattachment is
observed for the maximum lift case, and this is also seen in Table 1, then the lift coefficient
increase is of over 90% under this conditions. Maximum efficiency appears to be related to a
small boundary layer separation at the airfoil trailing edge.

Table 1: Optimum AFC parameters obtained for the maximum lift and maximum efficiency
cases and for the airfoil considered z/R = 0.30

z/R Cases F+ Cµ θ◦ xj/C h/C CL CL% η η%

0.30 Max lift 5.41 0.0098 5 0.32 0.005 2.99 90.44 30.73 428.00
Max efficiency 5.64 0.0093 5 0.29 0.005 2.84 80.89 32.47 457.90
Baseline - - - - - 1.57 - 5.82 -
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(a) z/R = 0.30

Figure 5: Averaged velocity streamlines before and after optimization for the z/R = 0.30 airfoil.

5 Energy assessment

To evaluate how effective is the AFC implementation, an energy evaluation is needed and
consists in comparing the power needed for the SJ with the power gained by the airfoil. The
power needed to activate the synthetic jet is defined as [3, 27]:

Wj =
1

2
ρjAj sin θjetu3j (7)

Where ρj characterizes the density of the exiting fluid, Aj defines the cross-sectional flow

area of the synthetic jets and u3j represents the jet time-dependent velocity profile defined as
[27, 28]:

u3j =
4

3π
U3
j (8)

The incremental torque represents the difference between the torque generated by the actu-
ated airfoil and the baseline one. It is initially essential to determine the resultant aerodynamic
force (FTr) for both cases, which is obtained by decomposing the lift and drag forces in the plane
of rotation using the inflow angle (φ). It is important to note that the provided aerodynamic
coefficients represent the corresponding time-averaged values.

FTr AFC =
1

2
ρ∞u2relc (clAFC

sinφ− cdAFC
cosφ) (9)
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FTr BSC =
1

2
ρ∞u2relc (clBCS

sinφ− cdBCS
cosφ) (10)

By considering the forces generated in both the actuated and baseline cases, the increase in the
power generated by the airfoil can be determined.

∆W = r · Ω · (FTr AFC − FTr BCS) (11)

The net power balance (WG) is obtained when considering the incremental power (∆W )
obtained from each of the airfoils optimized and the power needed to delay the boundary layer
separation (Wj):

WG = ∆W −Wj (12)

Table Table 2 summarizes the net power gain WG obtained by the airfoil considered and when
the maximum lift and maximum efficiency cases are considered. In both cases the net power gain
is very similar and represents about 20 times the power needed for the AFC implementation.
Clearly, the extension of this study to the rest of the airfoils where the boundary layer is
separated, will highlight the overall power increase the wind turbine is capable of generating.

Table 2: Net power ratio obtained for the optimum cases

z/R Case Uj/Urel WJ [kW ] ∆W [kW] WG [kW]

z/R=0.30 Max Cl 4.5 1.85 37.91 36.07
Max η 4.4 1.77 36.06 34.3

6 Conclusions

In this paper, we have analyzed via URANS the flow at different sections of a HAWT and for
a wind velocity of 10m/s. We have detected the airfoils where the boundary layer is separated
and we have optimized for one of the airfoils all five AFC parameters which maximize the lift
and efficiency of the airfoil. From the simulation of the chosen airfoil with the optimized AFC
parameters we managed to reattach the boundary layer, incrementing the lift coefficient versus
the baseline case of over 80% and the efficiency of over 428%. Which clearly shows that the
extension of the study to the rest of the airfoils is needed and will very likely bring a cosiderable
increase of the power generated by the turbine.
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